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a  b  s  t  r  a  c  t
A  detailed  study  of  conduction  mechanism  of  glassy  Se70Te30 and  Se70Te28M2 (M  = Ag, Zn  and  Cd)  alloys
has been  carried  out in terms  of  dielectric  properties  and  a.c. conductivity.  Temperature  and  frequency
dependent  dielectric  constant,  dielectric  loss and  ac for the  same  system  were  measured  in the  frequency
spectrum,  1 kHz  to 1 MHz  and  temperature  range,  303–338  K.  The  a.c. conductivity  (ac)  is found  to  be
seywords:
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ensity of defect states (DOS)
proportional  to  ω (s <  1).  The  temperature  dependence  of  both  a.c.  conductivity  and  frequency  exponent
(s)  is  reasonably  well  interpreted  by  the  correlated  barrier  hopping  (CBH)  model.  We  showed  that  the  bi-
polaron  hopping  is  dominant  over the  potential  barrier  and  estimated  the density  of  defect states  (DOS)
at  10  kHz.  We  found  a good  agreement  between  bi-polaron  conductivity  and  experimental  results.
©  2016  The  Ceramic  Society  of Japan  and  the Korean  Ceramic  Society.  Production  and hosting  by
Elsevier  B.V.  This  is an  open  access  article  under  the  CC  BY-NC-ND  license  (http://creativecommons.org/. Introduction
The transport mechanism of charge carriers in amorphous
emiconductors has been the subject of intensive theoretical and
xperimental investigations. Chalcogenide glassy semiconductors
ave drawn the attention of researchers due to attractive pos-
ibilities of using the structural and compositional disorder in
hese materials for the development of better, cheaper and
ore reliable solid state devices [1–3]. The behavior of a.c.
onductivity and density of defect states (DOS) of amorphous
halcogenide semiconductors have been extensively used to under-
tand the conduction process in these materials. Various models
.e. quantum-mechanical tunneling (QMT) [4,5], small polaron tun-
eling [6,7], large polaron tunneling [6], atomic hopping [6,7]
nd correlated barrier hopping (CBH) model [8–10] have been
roposed to explain the conduction mechanism for glassy mate-
ials.
The common feature of amorphous chalcogenide glasses is the
resence of localized states in the mobility gap due to the absence of
ong-range order as well as various inherent defects [4,11,12]. The
opping conduction can be easily distinguished from that of band∗ Corresponding author. Tel.: +91 542 2307308x244;  fax: +91 542 2368174.
E-mail address: dr neeraj mehta@yahoo.co.in (N. Mehta).
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ttp://dx.doi.org/10.1016/j.jascer.2016.04.003
187-0764 © 2016 The Ceramic Society of Japan and the Korean Ceramic Society. Producti
icense (http://creativecommons.org/licenses/by-nc-nd/4.0/).licenses/by-nc-nd/4.0/).
conduction by measuring the frequency dependent conductivity
[6], arising due to conduction in localized states. The information
about these states is useful for the understanding of electronic
properties of these materials [10,13]. Dielectric and a.c. conductiv-
ity measurements have been widely used to investigate the nature
of defect centers in chalcogenide glasses, since it is assumed that
they are responsible for the type of conduction. Elliott [14] pro-
posed the CBH model, using the concept of charged defect states
D+ and D− in chalcogenide glasses. It is reasonably assumed that
for most of the materials at low to intermediate temperatures, only
charged defect centers are present, i.e., the effective correlation
energy, Ueff is sufﬁciently large (Ueff  kBT) such that all neutral D0
centers are converted to D+ and D− centers. In this case if, an alter-
nating ﬁeld is applied, the simultaneous motion of two electrons
is the only possible way  to electron transfer between defects that
preserves the identity of the defects. In the intermediate temper-
ature regime, the CBH mechanism involving bi-polaron transport
gives a satisfactory description of the experimental data in most of
the amorphous alloys. The temperature dependence of ac(ω) pre-
dicted by this model indicates that ac(ω) increases with increasing
temperature. Shimakawa [10,15] proposed that a competing pro-
cess, namely the CBH of single polarons, becomes dominant, at high
temperature. For the case of chalcogenide glasses, it is assumed that
an electron hops between D0 and D+ and, hole between D0 and D−
centers [10].
Tailoring of physical properties of a particular composition
of glassy Se–Te system (e.g., Se80Te20, Se70Te30, Se85Te15, etc.)
on and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND
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y changing either its concentration with a third additive or by
hanging the third additive itself is a current trend. The former
pproach (i.e., changing the concentration with a third additive)
as been used by several workers in last six decades but only
ew cases are available in the literature in which the later trend
i.e., changing the third additive itself) has been used. Sharma and
umar investigated the role of metallic Zn and In additives in the
lectrical and dielectric properties of Se85Te15 glassy alloy [16].
he same group reported the role of additives (Cd and Ge) on
he a.c. conductivity and dielectric relaxation of Se70Te30 glassy
lloy [17]. In recent years, we have started research work in our
aboratory as a part of systematic investigations to see the metal-
nduced effects of different additives (e.g., Ag, Cd, In, Sb, Zn, etc.)
n physical properties of glassy alloys of Se100−xTex system for
 particular composition [18–21]. Chandel et al. [19,20] reported
he effect of Cd, In and Sb additives on a.c. conduction in Se80Te20
lloy by incorporating lower concentration (0.5 atomic percent-
ge) and concentration (10 atomic percentage) of these additives
t the cost of Te. They observed that the parameters of a.c. con-
uction are changed signiﬁcantly for both cases. Dohare et al.
21,22] reported the effect of some metallic additives (Ag, Cd, Zn) on
he glass transition and crystallization kinetics of glassy Se70Te30
lloy.
The present work is our new attempt in this direction. In pre-
ious work, Chandel et al. used an analog capacitance measuring
ssembly [Capacitance Bridge GR 1620AP] for a.c. conductivity
easurements. In present paper, we have used more efﬁcient and
he state of art technique for a.c. conductivity measurements as well
s dielectric measurements. For this purpose, we  have employed
 digital LCR meter assembly having facility of computer soft-
are for more accurate measurements. In our previous papers
19,20], the limitation of Capacitance Bridge was  its frequency
ange that offers measurements of dielectric and a.c. conductiv-
ty properties only at ﬁve audio frequencies ranging from 0.5 kHz
o maximum frequency 10 kHz. The advantage of digital LCR meter
ssembly is its wide audio frequency range from 0.5 kHz to maxi-
um  frequency 1 MHz. Thus, one can study the dielectric relaxation
nd a.c. conduction in chalcogenide glasses for more wide fre-
uency range. The details of this equipment are given in next
ection.
The aim of this paper is to report the results of experimental
nvestigations on dielectric parameters and a.c. conductivity for
lassy Se70Te30 and Se70Te28M2 (M = Ag, Zn and Cd) alloys. The
etal-induced effect of incorporated additives (Ag, Zn, Cd) on the
lectrical transport in parent binary Se70Te30 alloy has been stud-
ed. For this purpose, the temperature and frequency dependence
f dielectric parameters and a.c. conductivity has been analyzed in
he electrical transport formalism.
. Material preparation and characterization
Glassy Se70Te30 and Se70Te28M2 (M = Ag, Zn and Cd) alloys were
repared by quenching technique as discussed in the paper [21].
he pellet was mounted in between two copper electrodes of
 metallic sample holder for dielectric measurements. The tem-
erature measurement was facilitated by a copper–constantan
hermocouple mounted very near to the sample. A vacuum of
10−3 Torr was maintained over the entire temperature range,
03–333 K in the frequency spectrum, 1 kHz to 1 MHz. The tem-
erature dependence of ε′ was studied in heating run at a heating
ate of 1 K/min. Dielectric measurements were made using a digital
CR meter [Wayne Kerr Electronics, Model: 4100]. Conductive-
ielectric properties of chalcogenide glasses can be modeled as a
arallel combination of dispersive capacitance element Cp and a
esistance element Rp. For the measurements of real and imaginarymic Societies 4 (2016) 252–258 253
parts of complex dielectric constant (ε = ε′ − iε′′), the measurements
are carried out in Cp − D mode of the LCR meter.
The parallel capacitance Cp and dissipation factor D were mea-
sured directly for calculating the ε′ and ε′′ parameters. We  preferred
to perform experiment on the pellets rather than the bulk as
macroscopic effects (gas bubbles, etc.) may  appear in the bulk dur-
ing preparation. It has been shown [23], both theoretically and
experimentally, that bulk ingots and compressed pellets exhibit
similar dielectric behavior in chalcogenide glasses for the suspected
inhomogeneity in case of compressed pellets in these materials.
3. Theoretical formulations
Dielectric analysis measures the electrical properties of a mate-
rial as a function of temperature and frequency. It measures two
fundamental electrical characteristic of materials: (1) the capaci-
tive (insulating) nature, which represents its ability to store electric
charge; (2) the conductive nature, which represents its ability to
transfer electric charge. The a.c. conductivity in semiconductors
has been interpreted in terms of the pair approximation. In this
approximation, a pair consisting of two  localized states between
which electronic carriers move from side to side with a particular
relaxation time. In amorphous semiconductors, the localized states
have been considered to be randomly distributed in the space and
pairs with various relaxation times. The a.c. conductivity is the sum
of contributions from all the pairs. According to CBH model, cor-
related barrier hopping of bi-polarons (i.e. two electrons hopping
between charged defect D+ and D−) has been proposed to inter-
pret the frequency dependent of conductivity in chalcogenide glass
according to following relation [24]:
ac(ω) = Aωs (1)
Each of charged defect states D+ and D− has a coulomb poten-
tial well associated with it. For neighboring sites, at a separation r,
the coulomb wells overlap resulting in a lowering of the effective
barrier from Wm to a value W,  which is speciﬁed as:
W = Wm − ne
2
ε′ε0r
(2)
where Wm is the maximum barrier height, ε′ is the bulk dielec-
tric constant, ε0 is the permittivity of free space, r is the distance
between hopping sites and n is the number of polarons in a hop
(n = 1 and n = 2 for single polaron and bi-polaron processes, respec-
tively).
According to CBH model, the a.c. conductivity, ac(ω) for bi-
polaron hopping originating from D+ and D− pairs having a
non-random distribution can be written as:
ac(ω) = 13
3εεNNPω(Rω)
6 exp
(
e2
4εε0KBTRω
)
(3)
The hopping distance Rω for the condition ω ≤ 1 is given by:
Rω = 2e
2
εε0Wm
[
1 + KBT
ωm
ln(0ω)
]−1
(4)
Here N is the density of localized states at which carriers exist;
NP is the density of localized states to which the carriers hop. Tg
is the glass transition temperature. The a.c. conductivity ac(ω),
for single polaron hopping originating from randomly distributed
defect centers can be expressed as [24,25]:
1 6ac(ω) = 6
3εε0NNPω(Rω) (5)
Rω = e
2
εε0Wm
[
1 + KBT
ωm
ln(0ω)
]−1
(6)
254 C. Dohare et al. / Journal of Asian Ceramic Societies 4 (2016) 252–258
ε′ for 
e

g
s
r
f
ε
d
a
f
S
p
g
o
s
aFig. 1. (a–d) Frequency dependent dielectric constant, 
Generally, a.c. conductivity of the chalcogenide glasses can be
xpressed as:
ac(ω) = [ac(ω)]s + [ac(ω)]b (7)
Here [ac(ω)]s and [ac(ω)]b are the a.c. conductivities for sin-
le polaron hopping originating from randomly distributed defect
tates (Eq. (5)) and bi-polaron hopping originating from non-
andom distribution of defect states (Eq. (3)), respectively.
The frequency dependence of dielectric loss, ε′′ shows that it
ollows a power law with operating angular frequency, ω as:
′′ = Aωm (8)
Here, A is proportionality constant and m is temperature
ependent frequency exponent which has negative value (m < 0)
t all temperatures. The frequency exponent, m is determined
rom the slopes of such straight lines at various temperatures for
e–Ag–In glassy system at all four compositions. Giuntini [23] had
roposed a dipolar model for dielectric dispersion in chalcogenide
lasses. This model is based on Elliott’s theory [24] for hopping
f charge carriers over a potential barrier between charged defect
tates D+ and D−. Each pair of sites D+ and D− is assumed to form
 dipole which has a relaxation time depending on its activationglassy Se70Te30 and Se70Te28M2 (M = Ag, Zn, Cd) alloys.
energy and next can be attributed to the existence of a potential
barrier over which the carriers hop.
4. Results and discussion
4.1. Frequency and temperature dependence of dielectric
constant and dielectric loss
Fig. 1(a)–(d) represents the frequency dependence of the dielec-
tric constant ε′ for present glassy Se70Te30 and Se70Te28M2 (M = Ag,
Zn, Cd) alloys. From Fig. 1(a), one can see that there is a drastic
change of dielectric constant in glassy Se70Te30 alloy at low and
moderate frequencies, and shows strong frequency dependency of
dielectric constant at low frequency up to 5 kHz while it shows the
constant dielectric value throughout the higher frequency range
up to 1 MHz. Fig. 1(b)–(d) shows that the nature of parent sys-
tem is quite different after the incorporation of chemical modiﬁers,
M = Ag, Zn, Cd. Dielectric constant shows nearly constant/or weak
frequency dependency at low frequency range (up to ∼50 kHz)
while it shows sharp frequency dependency at higher frequency (up
to ∼1 MHz). These ﬁgures indicate that ε′ decreases with frequency
and increases with temperature. The decrease in ε′ with increasing
C. Dohare et al. / Journal of Asian Ceramic Societies 4 (2016) 252–258 255
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requency is due to the contribution of the several components of
olarization, i.e. electronic, ionic, dipolar or orientation and space
harge [26]. The behavior of dielectric constant with temperature
an be attributed to the fact that dipoles in polar materials can-
ot orient themselves at low temperatures. When the temperature
s increased the orientation of dipoles facilitated so, this increases
he orientational polarization. This causes the increase in dielectric
onstant, ε′.
Fig. 2(a)–(d) shows the frequency dependence of dielectric loss
′′ for glassy Se70Te30 and Se70Te28M2 (M = Ag, Zn, Cd) alloys at
ifferent frequencies. From Fig. 2(a), it is clear that dielectric loss
′′ decreases with increase in frequency up to 5 kHz for parent
e70Te30. Beyond this frequency, the variation of dielectric loss
′′ with frequency is negligible glass and it has weak temperature
ependency after 5 kHz to 1 MHz. However, in ternary glasses (see
ig. 2(b)–(d)), Se–Te–M (M = Ag, Zn, Cd) show a gradual decrease
ith normal temperature dependency throughout the whole fre-
uency and temperatures range. It can be noticed from these
gures that ε′′ decrease with increasing frequency and increases
ith increasing temperature. The observed behavior of change in
ielectric loss with frequency is different at different temperatures.
his observed variation of dielectric loss, ε′′ with frequency can be
ttributed to the fact that, at low frequencies, the experimental
alue of dielectric loss is due to the migration of charge carrier in
aterial.ssy Se70Te30 and Se70Te28M2 (M = Ag, Zn, Cd) alloys.
4.2. Frequency and temperature dependence of a.c. conduction
phenomenon
The frequency dependence of a.c. conductivity for glassy
Se70Te30 and Se70Te28M2 (M = Ag, Zn, Cd) alloys at different tem-
peratures is shown in Fig. 3(a)–(d). These ﬁgures reveal that ln(ac)
increases linearly with ln(ω) through the measured temperature
and frequency ranges mentioned above. The temperature depend-
ence of a.c. conductivity in chalcogenide Se70Te28M2 (M = Ag, Zn,
Cd) glasses is studied in the glass transition regime. The ﬁgures of
ln()ac vs. ln(ω) suggest two thermally activated phenomena for
conduction; that conductivity, dc is almost independent (d.c. con-
ductivity) with angular frequency, ω up to 100 kHz; and at higher
frequency range it shows linear behavior (a.c. conductivity). The
estimated value of a.c. conductivity, ac (S/m) for Se–Te–M system
is 5.4 × 10−8 for Se70Te30, 1.5 × 10−4 for Se70Te28Ag2, 8.8 × 10−5 for
Se70Te28Zn2 and 5.5 × 10−5 for Se70Te28Cd2 alloy at 308 K.
From Eq. (1), it is clear that conductivity is dependent on ωs in
high frequency regime (where s is the frequency exponent and A
is the constant). The values of frequency exponent, ‘s’, were esti-
mated from the slope of the straight lines, plotting between ln()ac
vs. ln(ω) in higher frequency range. The temperature dependence
of the frequency exponent, ‘s’, for the investigated glassy alloys is
shown in Fig. 4. The decrement in slope with increasing tempera-
ture for all alloys clearly indicates that the value of ‘s’ falls as the
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emperature rises. Thus, frequency exponent ‘s’ has been evalu-
ted as a function of temperature, T. The observed values of ‘s’ and
T’ indicate that frequency exponent ‘s’ decreases with increasing
emperatures for all glasses. The CBH [24,25] model, extensively
pplied to most chalcogenide semiconductors, describes the charge
arriers across the defect states D+ and D−. According to the Giun-
+ −ini model [23], each pair of D and D is assumed to form a dipole
ith relaxation energy.
The observed behavior of s(T) indicates that the correlated bar-
ier hopping is the possible conduction mechanism in the presentsy Se70Te30 and Se70Te28M2 (M = Ag, Zn, Cd) alloys.
glassy alloys [27]. The assessment of barrier height ‘Wm’ is intended
using temperature dependence of exponent, ‘s’ [25] by CBH model.
The estimated value of ‘Wm’ is found 0.28 eV for Se70Te30, 0.19 eV for
Se70Te28Ag2, 0.22 eV for Se70Te28Zn2, and 0.25 eV for Se70Te28Cd2
system, respectively.
4.3. Metal-induced effects on dielectric constant and dielectric
loss
From Figs. 1 and 2, one can see that the values of dielec-
tric constant and dielectric loss are increased appreciably after
the incorporation of Ag, Cd and Zn additives. This indicates that
present metallic additives inﬂuence affectively the phenomenon
of dielectric relaxation in parent glass. The enhancement in dielec-
tric parameters (ε′ and ε′′) can be explained in terms of increase
in the density of defect states (DOS). For this, we  have determined
(DOS) in next section.
4.4. Estimation of density of defect states (DOS)
Fig. 5 shows ln ac(ω) vs. 1000/T  plots for all glassy alloys. As
mentioned earlier, the a.c. conduction in chalcogenide glasses can
be measured as the contribution of both single and bi-polaron hop-
ping. With this point of view, ﬁtting of experimental data has been
made to CBH model. The values of the product of N and NP are
C. Dohare et al. / Journal of Asian Ceramic Societies 4 (2016) 252–258 257
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Fig. 5. (a–d) Conductivity, s (S/m) as a function of inverse temperatu
Table 1
Estimated values of density of defect states (DOS) and the distance of inter-site
separation (Rω present Se–Te and = Ag, Zn, Cd) alloys.
Systems DOS (cm3) Rω (nm)
Se70Te30 1.1 × 1017 5.7
Se70Te28Ag2 3.9 × 1019 2.7
Se70Te28Zn2 8.7 × 1018 3.4
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ReferencesSe70Te28Cd2 6.1 × 10 4.5
djusted to ﬁt the calculated curves ln ac(ω) of vs. 1/T  to the experi-
ental curves. The ﬁtting is made at one frequency (10 kHz) and the
ame values of parameters are employed for other frequency. The
alues of Wm for different alloys are calculated using temperature
ependence of exponent, ‘s’ [25].
Fig. 5(a)–(d) shows the contributions for single polaron and bi-
olaron hopping processes and their sum for Se–Te–M (M = Ag, Zn,
d) system at a frequency of 10 kHz. As seen from this ﬁgure, theo-
etical curves are in fair agreement with the experimental results. It
s also clear from these ﬁgures that bi-polaron contribution is domi-
ant over single polaron for present alloys. This may  be understood
s follows:
It is observed that the condition, ω0max  1 does not hold at
igh temperatures for small values of Wm for n = 1. In such a case, the
urve cannot be extended to the high temperature region because
here will be a dielectric loss peak at the frequency, Wm which is
stimated according to CBH model. Since [ln ac(ω)]s ∝ ω2 is the
ingle-polaron contribution to a.c. conductivity may, therefore, be
maller than bi-polaron contribution to a.c. conductivity due to
ielectric loss as has been observed in the present case. The den-
ity of charged defect states, N, is evaluated from the values of NNP
here NP = N/2). The value of defect states (DOS), N and the distance
f intersite separation (between two localized sites), Rω at 10 kHz
re speciﬁed in Table 1. From this table one can clearly see that the
alue of N is higher for ternary Se70Te28M2 alloys as compared to
arent binary Se70Te30 glass.re for glassy Se70Te30 and Se70Te28M2 (M = Ag, Zn, Cd) alloys.
5. Conclusions
The major conclusions are pointed out as follows:
• Analysis of results obtained from the frequency and tempera-
ture dependence of both dielectric constant ε′ and dielectric loss
ε′′ proves that dielectric dispersion exists in present two glassy
systems in the audio frequency range.
• The value of the frequency exponent, ‘s’ and its temperature
dependence conﬁrmed the applicability of the CBH model to the
investigated system. Application of the CBH model clearly indi-
cates that the electronic conduction takes place by single polaron
and bi-polaron hopping processes.
• It has been demonstrated that the combined mechanism of single
and bi-polaron hopping satisfactorily accounts for a.c. conductiv-
ity of the present Se–Te–M (M = Ag, Zn, Cd) alloys.
• It has also been found that for the present alloys, the bi-polaron
hopping is dominant over single polaron hopping. The value
of conductivity,  (S/m) for Se–Te–M (M = Ag, Zn, Cd) alloys is
achieved 1000 times higher than that of parent glassy, Se70Te30
system.
• The values of ε′ and ε′′ are increased after addition of Ag, Zn, Cd
in parent glass. This is explained in terms of increment of DOS in
ternary glasses.
• The values of the density of charged defect states and potential
barrier are found to be optimum in case of Se70Te28Ag2 system.
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